ABSTRACT. An ultrasonic system has been developed to employ a pulse-transmission method of measurement during coagulation ofrennetted milk. The ultrasonic waves were transmitted through the milk and the coagulation process was followed after adding the enzyme. 
C onversion of milk into cheese generally comprises four stages: coagulation, drainage, salting, and ripening. The first stage, coagulation, plays a decisive role in determining the qualities of the end product. Rheological characteristics of the coagulum, which depend on the nature and number of intermicellar linkages, are closely related to the coagulation rate. Coagulation takes place in two distinct stages, the first enzymatic and the second purely physicochemical (Brule and Lenoir, 1987) . Factors capable of affecting one or other of these stages, or both simultaneously, are numerous. The coagulation or clotting time is defined as the time elapsed between adding rennet and the beginning of the coagulation proper (Noel et al., 1987) . Thus, it can be considered to mark the end of the enzymatic phase and the beginning of the secondary, physicochemical phase. Several other terms such as Berridge time or flocculation time, coagulation latency time, rennetting time, rennet clotting time, setting time, etc. are used to represent the onset of coagulation. The coagulation time is inversely proportional to the quantity of enzyme within certain limits of temperature, pH, and enzyme concentration. Faster coagulating speed is induced by higher rennet concentration (Payens, 1976) . The phenomenon of coagulation is highly temperature-dependent. Coagulation of milk does not occur below 10° C. In the range 10 to 20° C, the coagulation rate is slow. Above 20° C it increases progressively up to 40 to 42° C; it then diminishes again, and above 65° C, coagulation no longer occurs, the enzyme having been inactivated (Brule and Lenoir, 1987) . TTius, determining coagulation time is useful in estimating coagulation rates and effectiveness of different enzymes under varying conditions. Further, coagulation time is often used as a reference for determining the time at which the curd is cut, the cut-time, to drain the whey (Weber, 1987) . The cut-time signifies that the curd has reached a certain firmness for further processes during cheesemaking. Optimal cut-time evaluation is critical in maximizing both the quantity and quality of the cheese.
Measuring coagulation by visual method was first used by Sommer and Matsen (1935) . But the more popular visual method of observing the visible floccule formation was proposed by Berridge (1952) . Other methods, such as blood clot timer (de Man and Batra, 1964) , optical methods (Hardy and Fanni, 1981; Saputra et al., 1992; Payne et al., 1993) and formagraph (McMahon and Brown, 1982) were also employed. Scott Blair and Oosthuizen (1961) and Scott Blair and Burnett (1963) suggested measuring viscosity change in milk as an index of coagulation time. They showed that during the course of rennet action, viscosity first dropped to a minimum, then rose as incipient clotting started. The initial or decreasing viscosity phase followed a zero-order kinetics for a useful period during which rennet assays could be made. They found that plots of changes in specific viscosity against time during the action of rennet on caseinates from a variety of sources produced the same slope. However, the slope varied with different rennet extracts, which they attributed to the presence of varying percentage of proteolytic enzymes other than rennet (Ernstrom and Wong, 1974) . Kopelman and Cogan (1976) used a rotational-type viscometer (Brookfield LVT) to determine the clotting activity of milk-curdling enzymes through continuous monitoring of viscosity of a milk-enzyme system. A characteristic viscosity baseline was followed by a steep linear increase in viscosity when coagulation began. The coagulation point was defined as the intersection of the two straight lines of such a plot. But this method of determining the coagulation time disturbs the coagulum, and thus a nondestructive method of evaluation is desirable.
Ultrasonics have been used initially in milk coagulation studies by Swiatek and Kuczera (1962 The most widely used method for making ultrasonic measurements in liquids and solids is the pulsetransmission technique. This method employs two transducers, a transmitter and a receiver. A pulse of electrical signal is applied to a piezoelectric transducer that is in contact with the sample and the transmitter. The transmitter converts the electrical pulse into an acoustical pulse (pressure wave) that is transmitted into the medium. Each pulse generated travels through the sample and is partly absorbed, dispersed, and reflected by the receiver. Therefore, a pulse may travel through the sample a number of times. The time a pulse takes to travel twice the sample length can be determined by resolving successive peaks. , 1984) . Therefore, the distance between the two transducers should be less than 95 mm to avoid diffraction effects. A distance of 25 mm was maintained between the transmitter and receiver.
The milk tank and a 600 mL beaker for measuring apparent viscosity were placed in a constant temperature water bath. A Brookfield digital viscometer (LTV-DVII) operating at 60 rpm was used for measuring milk viscosity during coagulation.
EXPERIMENTAL DESIGN AND MATERIALS
Grade A pasteurized, nonfat dry milk powder was chosen as the substrate for fluid milk, and CaCl 2 and single strength microbial rennet were used for milk coagulation. They were all obtained from the Dairy Plant of the Food Science Department at the University of Wisconsin, Madison. Milk substrate was prepared by dispersing 0.96 kg of nonfat dry milk in 8 L of water. The stirring was performed very slowly to avoid any foaming. Milk was assumed to be homogeneous and isotropic, and the whole system, through which the sound wave passes, was considered linear. Because rennet concentration and temperature are important factors affecting the coagulation rate and CaCl 2 affecting the curd firmness (Brule and Lenoir, 1987) , these variables were considered at three levels. The standard level corresponds to the current industry practice of Cheddar cheesemaking. In addition, one level above and one below were chosen. Treatment The milk was heated to the desired temperature, then the CaCl 2 was added. This substrate was poured into the milk tank and placed in a water bath set at the desired temperature for 30 min to equilibrate the system. The single strength microbial rennet solution, diluted with distilled water 1-10, was added to the milk substrate. The substrate was stirred for 30 s, poured into the Griffin beaker, and placed in the water bath at a constant temperature for measuring apparent viscosity. The viscosity and ultrasound experiments were conducted simultaneously but in separate containers. The data from both experiments were acquired every 1.5 min continuously for 90 min. The average apparent viscosity was taken from six viscometer readings taken within seconds for every 1.5 min of the experiment.
RESULTS AND DISCUSSIONS

COAGULATION TIME BY APPARENT VISCOSITY, (T cg ) v
The apparent viscosity data obtained during coagulation at different temperatures are presented in figure 2. As expected, the viscosity was fairly low and remained constant during the initial phase, then it increased substantially. The coagulation at low temperature (LT) was slow, as expected. However, the time taken was excessive (about 42 min), and the coagulum was too soft for manual cut-time determination, the overall project objective. Thus, the data from LT experiments were not used in further discussions. According to Kopelman and Cogan (1976) , the coagulation time was at the intersection of two straight lines, one representing the constant part (the baseline) and the other the linearly increasing part. This method was adopted to obtain the coagulation time by apparent viscosity, (T cg ) v (fig. 3) . The straight lines were fitted by regression. Tlie (T cg ) v values from four replications for different experimental treatments (except for low temperature) are presented in table 2. Among the treatments, temperature, and rennet levels have strong effect on coagulation time, as high levels of each resulted in faster coagulation. The CaCl 2 did not affect coagulation time. Since it affects the firmness of curd and not the rate, the effect of CaCl 2 is not very strong during the initial enzymatic phase of coagulation. Treatment (Replication)
ST (1) ST (2) ST (3) ST (4) HR (1) HR (2) HR (3) HR (4) LR (1) LR (2) LR (3) LR (4) HT (1) HT (2) HT (3) HT (4) HC (1) HC (2) HC (3) HC (4) LC (1) LC (2) LC ( The coagulation point is at the intersection of straight lines, the baseline, and the regression line (y -A + B x time in minutes). The coagulation time is the time elapsed since adding rennet until the coagulation point. The regression coefficients have been rounded off. 
The attenuation data are presented along with polynomial smoothing curve and correlation coefficient in figure 5. As expected, the ultrasonic attenuation decreased during coagulation. This is because the energy loss is less in an elastic medium. However, the decrease was more rapid during the initial part than during the latter part of coagulation. Thus the point at which there is a transition from more rapid to slow change in attenuation was identified as the turning point, P t . The P t was determined by examining the first derivative of the attenuation versus time plots (fig. 6 ). The derivatives were calculated for the polynomial functions representing the attenuation curves at every 1.5 min time step to correspond with the interval used in data collection. Additional details are reported in Ay (1992) . The first derivatives for most coagulation tests were generally between -0.1 to 0.1. Thus the P t was defined to be the point at which the first derivative was -0.1. This value was selected because it marks, in general, the end of rapid change in ultrasonic attenuation and thus was considered to signify the end of the enzymatic phase of coagulation. As shown in figure 5, the P t for various treatments have shifted, indicating the sensitivity of P t to varying coagulation conditions. The coagulation time by ultrasonic method, (T c «) u , was defined to be the time elapsed since rennet addition till the P t . The (T cg ) u values for all experiments are shown in table 3. Comparing the mean values of (T cg ) v and (T cg ) u indicates that they are similar but different. For both methods, the standard deviations of the data at certain treatments were high but comparable. In order to verify the statistical validity of the ultrasonic method of determining the coagulation time (assuming that apparent viscosity method was valid according to Kopelman and Cogan, 1976 ), a paired-data hypothesis test was performed. The null hypothesis, i.e., mean of (T cg ) v -(T cg ) u -0, could not be rejected at 95% confidence level (table 4) . Thus, the 
CONCLUSION
An ultrasonic system was developed for pulsetransmission testing of milk coagulation. Milk coagulation time was determined by apparent viscosity and ultrasonic attenuation measurements. The coagulation times measured using ultrasonic attenuation data were not statistically different from the corresponding results obtained from the apparent viscosity data. Thus, the ultrasonic attenuation measurements offer a potential method for nondestructive determination of milk coagulation time.
